abstract: Animals adjust behaviors to balance changes in predation risk against other vital needs. Animals must therefore collect sensory information and use a complex risk-assessment process that estimates risks and weighs costs and benefits entailed in different reactions. Studying this cognitive process is challenging, especially in nature, because it requires inferring sensory abilities and conscious decisions from behavioral reactions. Our goal was to address this empirical challenge by implementing psychophysical principles to field research that explores considerations used by desert isopods (Hemilepistus reaumuri) to assess the risk of scorpions that hunt exclusively from within their burrows. We introduced various combinations of chemical and physical cues to the vicinity of isopod burrows and recorded their detailed reactions on first encountering the cues. The isopods reacted defensively to scorpion odor but only when accompanied with excavated soil or other odors typically found near scorpion burrows. Isopods also reacted defensively to piles of excavated soil without scorpion olfactory cues, suggesting that isopods take precautions even against physical disturbances that do not necessarily reflect predator activity. Simultaneous presence of different cues provoked graded responses, possibly reflecting an additive increase in risk estimation. We conclude that wild isopods use defensive reactions toward environmental signals only when the integrated perceptual information implies an active scorpion burrow or when they lack data to refute this possibility.
Introduction
Ever-changing environments provide animals with both opportunities and major threats. At any moment, animals must decide whether to continue executing risky beneficial behaviors or engage in costly antipredator behaviors (Lima and Dill 1990) . To maximize fitness, animals must not defensively overreact to every possible danger sign. Instead, they must adjust their antipredator behaviors to match contemporary risk levels (Helfman 1989; Sih 1992; Lima and Bednekoff 1999) . Such informed decisions require a constant flow of information and a systematic risk-assessment process (Blumstein and Bouskila 1996; Schmidt et al. 2010 ; fig. 1 ). Studying this complex cognitive process is empirically challenging, especially in nature (Lima and Steury 2005) , because it requires disentangling sensory abilities from conscious decisions. Our goal was to assist addressing this challenge by exploring the considerations used by desert isopods (Hemilepistus reaumuri) in assessing the risk of scorpions that hunt exclusively from within their burrows. Understanding the risk-assessment process is crucial for predicting the nonconsumptive consequences of predators on ecological processes at the population, community, and ecosystem levels (Preisser et al. 2005; Heithaus et al. 2007; Schmitz et al. 2010; Hawlena et al. 2012; Breviglieri et al. 2017) .
We set up our investigation in reference to a hypothetical risk-assessment process. In developing this conceptual model we integrated popular insights from engineering and economics (Ayyub 2014 ) with ecological thinking (Blumstein and Bouskila 1996;  fig. 1 ). The risk-assessment process begins when prey sense hazardous, extraordinary, or unfamiliar environmental signals (Blumstein and Bouskila 1996; Koops 2004) . This perceptual information is assessed in two major sequential stages: (a) a risk-analysis process designed for risk level estimation and (b) a risk-evaluation process for deciding what action to take.
Risk analysis estimates risk by assessing the probability of the hazardous event to occur and by evaluating the expected consequences (Stankowich and Blumstein 2005; Munoz and Blumstein 2012) . The risk of predation is composed of the likelihood of the prey to be detected and attacked and its chances to survive the attack (Lima and Dill 1990) . Those estimations and their associated outcomes are influenced by environmental factors, such as visibility or habitat structural complexity (Jacobsen and Stabell 1999) , and by the identity and state of the predator (Ferrari et al. 2008a; Alcaraz and Arce 2017) . For instance, prey defensive reactions may vary substantially in response to predators with different foraging modes (Preisser et al. 2007; Schmitz et al. 2008) . Similarly, predator diet type Schoeppner and Relyea 2005; Turner 2008 ) and amount eaten (Weissburg and Beauvais 2015) may help identify riskier predators (Scherer and Smee 2016) . Prey should therefore integrate information from several sensory modalities to improve risk estimation (sensory complement hypothesis; Lima and Steury 2005) . The methods used for integrating multichannel information into coherent risk estimations are still debated (Åbjörnsson et al. 1997; Mathis and Vincent 2000; Smith and Belk 2001; Hazlett and McLay 2005; Lima and Steury 2005; Partan et al. 2009 ).
The risk-evaluation process determines the action taken. Prey weigh the estimated risk against the missed opportunity costs while considering their internal state (Smith 1981; Hertz et al. 1982) , such as their own nutritional status (Cooper and Blumstein 2015) . Prey may decide not to engage in costly avoidance behavior at all if the missed opportunity costs are high relative to the estimated risk. Therefore, lack of behavioral response may reflect a conscious decision at the end of a complex risk-assessment process and not necessarily prey's inability to sense the hazardous cue (Shettleworth 2009 ). Identifying which of these two choices happened remains a major challenge in predatorprey interaction studies (Weissburg et al. 2014) .
Rapid advances in neuroscience have increasingly improved the mechanistic understanding of the neuronal circuitries underlying fear responses (Yang et al. 2016; Bhattacharyya et al. 2017) . Nevertheless, for now our understanding of the risk-assessment process is still largely reliant on interpreting prey defense responses (Herberholz and Marquart 2012; Brembs 2013) . Numerous laboratory and seminatural studies introduced a single or a few predator cues and measured a limited number of well-defined prey responses (Sih and Figure 1: Schematic model of a hypothetical risk-assessment process. Perceived cues are categorized as harmless or potentially hazardous. The latter are assessed using a two-step process: a risk-analysis procedure that estimates predation risk and a risk-evaluation process where decisions of whether and how to react are achieved. Both the individual state (e.g., hunger, gravidation) and external conditions (e.g., light intensity, temperature, food abundance) may affect the risk estimation and the resolution of what action to take. If the available information is insufficient to make a decision, prey may attempt to gather additional information and reassess the cues. Kats 1994; Chivers et al. 1996; Wildy and Blaustein 2001; Relyea 2004) . These studies provide valuable information about prey perception abilities, inducible defenses, and the capacity to attune defensive responses to specific risks but offer only limited inferences for the risk-assessment process. This is predominantly because such experiments often cannot distinguish sensory abilities from conscious decisions, lack the behavioral resolution to reveal detailed considerations, and focus on risk cues (e.g., sight of predators, kairomone, and necromone) while ignoring indirect marks of predator activity.
We used a different tactic by implementing psychophysical principles to field research (Stankowich and Blumstein 2005; Munoz and Blumstein 2012) . Psychophysics reveals whether prey can detect a cue, identify it, and differentiate between it and other cues (Shettleworth 2009 ). Thus, our approach may discern hidden cognitive considerations that prey use to estimate predation risk. We reduced the possibility that unrealistic experimental conditions may confound our findings by conducting this challenging research in nature.
Our field system includes desert isopod (H. reaumuri) prey and golden Israeli scorpion (Scorpio palmatus) predator. Desert isopods are very common (up to 48 individuals per 1 m 2 ) crustaceans in North African and Middle Eastern deserts (Shachak 1980) . Isopods live in large, monogamous family groups residing in a single permanent burrow. Isopods forage in close vicinity of their burrows for plant litter and biological soil crust (Warburg 1993) . Desert isopods have poor eyesight and use their antennae contact chemoreceptors to locate food, recognize kin, and identify their burrow (Hoffmann 1983a (Hoffmann , 1983b Warburg et al. 1984) . Golden scorpions are strict ambush foragers that hunt for isopods exclusively from within their burrows. Therefore, the predator's sphere of influence (Turner and Montgomery 2003) must be close to its burrow, and wandering scorpions are of no immediate risk to isopods. Scorpion burrows have a typical half-moon-shaped entrance and a debris mound comprised of fine-grained excavated soil, prey remains, and scorpion waste material (Kotzman et al. 1990; Rutin 1996 ; see fig. A1 , available online). Where coexisting, scorpions mostly prey on isopods (Shachak 1980) . Thus, isopods can substantially reduce predation risk by detecting and avoiding the danger zone around scorpion burrows.
We introduced various combinations of olfactory and physical cues associated with scorpion activity (inputs) to the vicinity of isopod burrows and filmed their responses (outputs). This allowed us to meticulously examine the full range of behavioral responses used by wild isopods on first encountering the cues and to reduce behavioral variation by comparing sibling reactions to different cues in a shared environment. To the best of our knowledge, our study is the first to explore how prey estimate the risk of an ambush predator that hunts exclusively from its burrow. Specifically, we explored (1) isopod responses to inhabited and uninhabited scorpion burrows, (2) isopod responses to odors of scorpions feeding on isopods and/or to piles of excavated soil, and (3) whether isopods respond to the plain odor of an S. palmatus, another scorpion (Buthus israelis) that does not eat isopods, and to the odor of a detritivore Tenebrionidae beetle. By combining insights from these seminested trials, we were able to reveal the considerations used by desert isopods to assess scorpion predation risk.
Methods

General Experimental Approach
All trials were conducted at the Avdat Research Station in the central Negev Desert, Israel, during July-August, the peak of isopod activity season (Shachak 1980) . Isopod burrows are easily detectable due to a typical circular pile of rectangular fecal pellets surrounding the burrow entrance. We introduced cues associated with scorpion activity to the vicinity of a randomly chosen desert isopod burrow. In this season isopods forage mostly during a short time window of approximately 2 h after dawn and remain within their burrow for the rest of the day. This allowed us to introduce the cues after all isopods ended their daily activity (first trial) or just before resuming their morning activity (second and third trials). We filmed isopod behavior during the morning activity period that followed the cue introduction. Thus, in all trials we observed the isopods' initial reactions to the cue manipulations. Each isopod burrow was used only once during the entire study. To reduce chances of pseudoreplications, we chose burrows that were at least 5 m apart. This distance is larger than the isopods' maximum foraging distance (Shachak et al. 1979) .
Spatial variations in environmental conditions may affect isopod internal state, influencing their risk evaluation. Consequently, isopods that vary in their body condition, phenology, or previous experience may react very differently to similar levels of estimated risk. Genetic differences between individuals can also increase behavioral variations. We reduced both agents of variation by considering the various cues surrounding a single isopod burrow as one block. We were therefore able to better infer estimated risks from behavioral responses, boosting the likelihood to detect small nuances in their risk estimations.
We collected all scorpions used in this study from a neighboring field site. In this site, desert isopods were extirpated several years prior to our study (M. Shachack, unpublished data). Thus, we assume with much confidence that our field-collected scorpions have never eaten Hemilepistus reaumuri isopods. In all experiments, we used adult scorpions of similar sizes.
Isopod Behavior Analyses
We analyzed the movies using the VLC media player. In all trials, we used a blinded experimental approach in which the researcher analyzing the movies had no knowledge of the cues placed in each manipulated spot. To classify all possible responses and reduce possible researcher bias, we developed a dichotomous decision tree ( fig. 2 ). The decision tree was based on detailed analysis of preliminary behavioral data collected specifically for this purpose. Isopod chemoreception is thought to be mostly contact chemoreceptors (Altner and Prillinger 1980; Seelinger 1983) . Thus, perception distances were considered to be an antennae length from the isopod's body. The behavioral parameter at the base of the decision tree was whether isopods stopped when encountering the treated area (i.e., stop) and then whether they Figure 2 : Decision tree of the isopod's behavioral responses when encountering a treatment (A) and its corresponding spatial projection (B) in which the gray square represents the treatment area, the solid arrow depicts the isopod's direction of approach, and the dashed arrows depict the directions by which the behavioral reactions were categorized. Each specific sequence of behaviors in A is depicted by a single number that corresponds with the numbers in B. At encounter, the first decision is whether to stop. This is followed by a second decision of whether to enter the treatment area. Entry could take place irrespective of the stopping decision. Isopods that entered could proceed in three ways: crossing the treatment area (2, 3), stopping inside it (0, 1), or turning back (went back: 4, 5). Those who did not enter could encircle the treatment area (6, 7), change their moving direction backward at more than 457 (8), or withdraw rapidly and flee (reversed: 9). The last two behaviors occurred only after stopping. entered this area (i.e., entry). For every stop and entry combination, we defined subsequent terminal behaviors. The full range of possible reactions was thereby depicted by 10 threestep behavioral sequences ( fig. 2 ). For example, isopods that stopped and did not enter may (a) encircle the treated spot, (b) change their movement direction, or (c) jump backward and flee. These three terminal behaviors can be interpreted as escalated responses, representing increasing risk estimations (for detailed explanation, see fig. 2 ). This approach allowed us to examine whether a focal behavior differs in response to various treatments but also to examine whether this response was dependent on previous behaviors.
First Trial-Inhabited and Uninhabited Scorpion Burrows
To determine isopod responses to inhabited and uninhabited scorpion burrows, we located 18 wild isopod burrows. Soon after the isopods ceased their daily activity and returned to their burrows, we dug two artificial scorpion burrows exactly 30 cm away from the focal isopod burrow (for exact spatial arrangement, see fig. 3A ). The artificial burrows were 20 cm deep and shaped like the upper part of a typical Scorpio palmatus burrow (Adams et al. 2016) . Near the burrow entrances, we created an excavated soil mound that was similar in shape and size to a scorpion's debris soil mound. We moistened the inner part of the artificial burrows with 3 mL of tap water each. To one randomly chosen burrow we released a field-trapped scorpion. The other empty burrows served as an odorless control. To prevent scorpion escape, we placed an enclosure with a sponge base around the scorpion's burrow. We therefore forced scorpions to settle in their new burrow without disturbing the surrounding soil crust. We removed the enclosure 30 min before dawn, soon before the beginning of the isopods' daily activity. The same procedure, including the use of sponge-based enclosure, was repeated for the empty burrow in each pair to control for possible procedural effects. During data analysis, we virtually marked an area of undisturbed soil crust of the average size and shape of the two artificial burrows to serve as a "no burrow or scorpion" control ( fig. 3A) .
Second Trial-Physical and Olfactory Cues Associated with Scorpion Burrows
To examine how isopods respond to physical and chemical cues associated with active scorpion burrows, we located another 18 wild isopod burrows. To each burrow we introduced four cue combinations: odor of an isopod-fed scorpion, soil mound, soil mound with the odor of an isopod-fed scorpion, and a control with no cues. To generate the different cues, we used 18 sets of four 5-cm-diameter # 3-cm-high circular containers. To two containers in each set we added folded paper towels. The two remaining containers were filled with homogenized field-collected soil (44 g). A week before the experiment, we added a scorpion to one randomly chosen paper container and another to a randomly chosen soil container in each set. Immediately after the addition, we fed each scorpion with a single field-trapped isopod. We moistened all papers and soil containers three times during this week, each time with 5 mL of tap water (the odorless treatments were also moistened to control for the use of water). We thus mimicked the composite olfactory signals expected to be found near a scorpion burrow (i.e., a combination of isopod-fed scorpions, isopod carcasses, and scorpion waste material). We purposely favored this rather unrefined approach to the commonly used protocols that isolate specific kairomones from predators' exudates and necromones of conspecifics (Chivers and Smith 1998; Scherer and Smee 2016) . This is because our purpose was to reveal the considerations used by free-living isopods in response to realistic predation cues and not to uncover mechanistic details of isopod chemoreception, as was previously done in numerous studies using other animals (Sih and Kats 1994; Chivers et al. 1996; Ferrari et al. 2008a; Scherer and Smee 2016) . We introduced the four cues to four randomly chosen spots around each of the focal isopod burrows at a distance of 30 cm from the burrow entrance. We applied the cues about 30 min prior to the beginning of isopod daily activity. We piled the soil from each soil container on the crust, creating small mounds of similar size and shape. To apply odors to the soil crust, we gently pressed the paper towels of both odor and no-cues treatments against the soil crust ( fig. 3B ). The olfactory mix we transferred to the soil crust is most likely somewhat different from the mixed olfactory cues surrounding an active scorpion burrow. This is because we artificially separated the effect of excavated soil from the olfactory cues associated with a feeding scorpion and because some variation is expected in the dose of the transferred odors. In a preliminary study, we confirmed that isopods responded more strongly to the odors treatment than to the no-odor control. Thus, our method allows for exposing the general consideration used by wild isopods when assessing the risk of predation but cannot be used to quantify how isopods perceive variation in the dose of specific odors.
Third Trial-Olfactory Cues of Different Organisms Common to the Field Site
To compare isopod responses to the mere odor of scorpions that have never eaten isopods and to other non-isopodeating arthropods, we located 16 additional wild isopod burrows. We used four odor treatments: S. palmatus, Buthus israelis, Pimelia spp., and no-odor control. The scorpion B. israelis does not hunt isopods and served as a scorpion control. Pimelia spp., a detritivore darkling beetle, served as a nonpredator control. We produced the four different cues following the protocol used to produce and transfer scorpion odor cues in the second trial, with the exception that the three species used here were not fed ( fig. 3C ).
Statistical Analysis
In all trials, we treated the treatments surrounding a single isopod burrow as one block. These blocks were treated as random factors during all analyses. For each block (i.e., focal burrow) we generated a single contingency table (for an  example, see table A1 , available online), where the column variables represent 10 distinct behavioral sequences (see fig. 2 ) and the rows represent different cues surrounding the burrow. Each matrix cell includes a number representing the number of isopods that used a specific behavioral sequence in response to a corresponding treatment. Using the contingency table, we calculated the proportion of isopods that used each of the 10 behavioral sequences in response to a specific cue. We also calculated the proportion in which distinct behaviors occurred or the proportion in which a distinct behavior occurred relative to other behavior at the end of an identical preceding behavioral sequence. We analyzed the data using permutation tests, since the calculated proportions did not fit a normal distribution (Good 2013) . We used MATLAB code (for an example, see supplemental material, available online) to conduct 10,000 permutations of each contingency table while keeping the margins fixed.
1 Hence, the total number of encounters per treatment and the total number of isopods displaying a specific behavioral sequence were constant. For all analyses, we used the F statistics of a mixed-model ANOVA. For the first and third trials, we used one fixed factor with three and four categories, respectively. For the second trial, we used two fixed factors (i.e., the odor of an isopod-fed scorpion and soil mound) and tested the main effects and interaction. All reported P values represent the fraction of the permutated F values that exceeded the F values calculated using the original data (Good 2013 ). We used a Bonferroni procedure for all post hoc comparisons (i.e., paired t-tests with Bonferroni correction for multiple comparisons; Cabin and Mitchell 2000) . As in the main tests, we calculated the P values by comparing the t statistic obtained from the original data to the distribution of permutated t values. The reported P values were adjusted to the number of comparisons.
Using permutation tests, we tested whether the "entry" behavior was dependent on whether isopods stop first. We permutated each treatment alone, and for each behavior we kept the total number constant. We used paired t-tests to compare the ratios of the individuals that entered the treatment between those who stopped and those who did not. We calculated P values by comparing the t statistic obtained from the original data to the distribution of the permutated t values.
Results
First Trial-Inhabited and Uninhabited Scorpion Burrows
The tendency of isopods to stop when arriving at the edges of a burrow's soil mound and to enter the treatment area, regardless of whether they stopped first, differed between treatments (stop: F 2, 48 p 42:04, P ! :001; enter: F 2, 48 p 54:19, P ! :001; fig. 4 ). Isopods stopped 1.3-fold more and entered two times less when encountering inhabited scorpion burrows compared to uninhabited burrows (stop: t 14 p 3:572, P p :009; enter: t 14 p 3:174, P p :021; fig. 4 ). In both inhabited and uninhabited burrows, the tendency to enter depended on whether the isopods stopped first when reaching the burrow's edges (uninhabited: t 15 p 3:785, P p :01; inhabited: t 10 p 6:343, P ! :001). Isopods that did not stop when encountering the area of inhabited burrows entered six times more (67.8%) than isopods that stopped first (11.5%). Terminal behaviors that followed stop and no entry differed between treatments (encircling: F 2, 31 p5:525, P p :009; changing direction: F 2, 31 p 29:364, P !:001; reversing: F 2, 31 p 12:632, P ! :001; fig. 5 ). Encircling (behavior 7 in fig. 2 ) was far more common in isopods arriving at both inhabited and uninhabited burrows in comparison to the bare ground control treatment (t 15 p 2:79, P ! :001 and t 16 p 3:627, P ! :001, respectively). Yet isopods did not differ in encircling behavior when approaching inhabited and uninhabited burrows. Isopods changed direction (behavior 8 in fig. 2 ) after stopping near inhabited burrows almost twice as much as near uninhabited burrows, and the proportion of the latter also differed from the control treatment (t 14 p 4:54, P p :008 and t 16 p2:769, P ! :001, respectively). Last, reversing behavior (9 in fig. 2 ) differed only between isopods stopping near inhabited burrows and the uninhabited and noburrow control treatment (t 15 p 3:722, P ! :001 and t 14 p 3:005, P !:001, respectively). The proportion of isopods reversing did not differ between the uninhabited and control treatments.
Isopod responses did not differ between isopod families (i.e., random factor; P 1 :05). This result also holds to the second and third trials.
Second Trial-Physical and Olfactory Cues Associated with Scorpion Burrows
In all analyses, we did not find significant interactions between the two main effects. The tendency to stop was affected by the isopod-fed scorpion odor, but we did not detect an 1 . Code that appears in The American Naturalist is provided as a convenience to the readers. It has not necessarily been tested as part of the peer review.
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This fig.  2 , respectively]; B) when approaching inhabited scorpion burrows, uninhabited control burrows, and virtual no-burrow control (first trial). The enter behavior includes all isopods that entered the treatment area regardless of whether they stopped first.
The circles represent individual data points. Significance levels for each behavior are represented by asterisks (two asterisks indicate that P ≤ :01;
three asterisks indicate that P ≤ :001), and different letters represent significant differences between treatments.
Data underlying figure  4 are deposited in the Dryad Digital Repository: https://doi.org/10.5061/dryad.171d18f (Zaguri et al. 2018 (1) no-odor or mound control, (2) odors of scorpions feeding on isopods, (3) mound of excavated soil, and (4) combination of odors of scorpions feeding on isopods and soil mound (second trial). The enter behavior includes all isopods that entered the treatment area regardless of whether they stopped first.
The circles represent individual data points. Significance levels of the odor (O) or mound (M) factors for each behavior are represented by asterisks (ns p P 1 :05; one asterisk indicates that P ≤ :05;
two asterisks indicate that P ≤ :01; three asterisks indicate that P ≤ :001).
We did not find interactions between odors and mound in any of the comparisons. Data underlying figure effect of soil mounds on this behavior (F 1, 50 p 20:68, P ! :001 and F 1, 50 p 2:364, P p :130, respectively; fig. 5 ). Isopods stopped more when approaching scorpion olfactory cues. Both isopod-fed scorpion odors and the presence of excavated soil inhibited isopods from entering the treated patches (F 1, 50 p 9:913, P p :003 and F 1, 50 p 100:080, P ! :001, respectively; fig. 5 ), an effect that was additive. Isopods in this trial stopped more (62.36%) and entered less (80.99%) when approaching the control treatment (no-odor or mound treatment) than isopods approaching the virtual control treatment in the first trial (stop: 12.72%, entry: 95.42%; fig. 4 ). These behavioral differences may reflect differences in crust moisture between trials. In the current trial, we gently pressed the moistened papers of both the odor and odorless-control treatments against the crust, while in the first trial we did not.
Isopods that stopped and did not enter the treatment areas encircled (behavior 7 in fig. 2 ) more in response to soil mounds but not isopod-fed scorpion odor (F 1, 50 p 16:464, P ! :001 and F 1, 50 p 0:296, P p :589, respectively), and both signals induced change of direction (behavior 8 in fig. 2 ; odor: F 1, 50 p 6:327, P p :006; mound: F 1, 50 p 27:65, P p :008). Both composite odors of scorpions feeding on isopods and soil mound induced similar reversing behavior (9 in fig. 2 ; F 1, 50 p 6:626, P p :006 and F 1, 50 p 6:072, P p :008, respectively).
Third Trial-Olfactory Cues of Different Organisms Common to the Field Site
We did not find differences in the stop and entry behaviors in response to the mere odors of Scorpio palmatus, Buthus israelis, Pimelia spp., and the no-smell control (stop: F 3, 45 p 0:632, P p :353; entry: F 3, 45 p 0:724, P p :499). Similarly, analysis of specific behavioral sequences did not reveal any significant differences. It is important to note that the proportions of isopods that stopped (59.88%) and entered (86.4%) the control treatment areas were indistinguishable from the proportions of isopods that similarly behaved toward the control treatment in the second trial (MannWhitney test; stop: U p 121:0, P p :426; entry: U p 119:0, P p :392).
Discussion
Our findings revealed considerations used by free-living desert isopods to fine-tune their risk assessment. Using a series of seminested field trials, we have shown that wild isopods can detect the mere odor of Scorpio palmatus scorpions. Yet isopods responded defensively only when this odor was associated with excavated soil or with other olfactory cues associated with scorpion burrows. A pile of excavated soil even in the absence of scorpion olfactory cues was enough to generate a defensive response. Isopods responded to cues that were perceived as risky in a graded manner, possibly reflecting an additive increase in risk estimation. When prey defensively respond to a predatory cue, it is clear that the cue was perceived and evaluated as risky enough to warrant a costly defensive response. Yet when prey do not alter their behavior, it is unclear whether the cue was at all perceived or whether the assessment process favors no response (Brown et al. 2001; Mirza and Chivers 2003; Lima and Steury 2005) . Our psychophysical-based approach enabled us to identify which of these two choices happened in the field. Isopods' behavioral responses to the mere odor of S. palmatus did not differ from the responses to water (control) or to odors of a detritivore beetle and another scorpion that do not eat isopods. Yet isopods were more cautious toward excavated soil along with the odor of S. palmatus than to piles of excavated soil with no scorpion odor. These findings suggest that isopods can sense the mere odor of S. palmatus but decide to respond only when other cues are present.
Prey estimate the risk of predation not only by sensing the presence of a predator but also by integrating contextual information regarding the predator's identity, diet, size, or biomass (Mathis and Vincent 2000; Weissburg et al. 2014; Scherer and Smee 2016) . We added that prey can estimate risk by assessing whether its ambush predator resides in the patch and can initiate an attack. It is well acknowledged that prey change their defensive reactions according to the predator foraging mode (Schmitz 2008; Miller et al. 2014; Belgrad and Griffen 2016) . Most studies that explored these reactions have focused on active predators or ambush predators that occasionally change ambush sites (Preisser et al. 2007) . We explored a different situation. Scorpio palmatus scorpions hunt for isopods exclusively from within their burrows. Thus, wandering scorpions are no immediate risk. Only when the perceived combination of cues implies an active scorpion burrow (i.e., a potential ambush site) does the estimated risk justify defensive reactions. Our finding supports this hypothesis, suggesting that such considerations may be relevant to other cases in which the predators hunt exclusively from a single ambush site (e.g., trap-building and sedentary predators or predators that hunt only from their burrows). Moreover, our findings provide interesting insights into the understudied hypothesis of the predator's sphere of influence, defined as the distance within which prey react to a given predator (Turner and Montgomery 2003) . Isopods reacted to predation cues only when approaching a combination of cues typical to effective predator hunting grounds.
The information-theoretic approach suggests that prey use the sensory modality that provides the greatest certainty regarding predator threat (Lima and Steury 2005) . Yet information obtained through the use of a single modality can potentially be spatially and temporally unreliable (Manassa et al. 2013 ). Therefore, prey should combine information from several sensory modalities to reduce uncertainty (Lima and Steury 2005) . We provide evidence that isopods integrate different chemical and physical cues to estimate risk levels, responding most strongly to combined cues.
Prey are expected to weigh predator avoidance against other activities and alter their responses, reflecting the magnitude of the predatory threat (Helfman 1989; Sih 1992; Lima and Bednekoff 1999 ). An implicit prediction of the threat sensitivity hypothesis is that prey integrate multiple cues relating to predation risk in an additive manner, evoking graded increases in avoidance behavior (Smith and Belk 2001; Lima and Steury 2005; Partan et al. 2009 ). However, other studies found hierarchical, subadditive, and synergistic antipredator behaviors in response to multiple cues (Åb-jörnsson et al. 1997; Mathis and Vincent 2000; Hazlett and McLay 2005; Ferrari et al. 2008b ). Our results suggest that isopods integrate multiple cues additively. Isopods entered uninhabited burrow areas 2.2 times more than they entered those of inhabited burrows. In the second trial, isopods avoided areas that had both composite odors of hunting scorpions and excavated soil piles compared to areas in which those cues were introduced separately. The effect was additive since no interaction between the cues was evident. Similarly, the rapid withdraw, interpreted as the most drastic antipredatory behavior, was observed almost solely toward inhabited scorpion burrows in the first experiment. This behavior was also displayed twofold more frequently in response to the combined composite scorpion odors and excavated soil than to each individual cue.
Climbing on loose soil mounds is energetically costly. Thus, isopods would probably choose to circumvent this physical obstacle. However, isopods seemed to perceive excavated soil piles as imminent risks and not just physical obstacles. Isopods that stopped near piles of excavated soil changed direction (trials 1 and 2) or promptly withdrew (trial 2) even when no other cues were present. It is well acknowledged that prey alter their behavior in response to changes in physical conditions (e.g., light intensity or habitat structural complexity) that can mediate predator-prey relationships (Mandelik et al. 2003; Bodmer et al. 2017) . As far as we know, our findings are the first example in which the mere existence of a common physical disturbance was perceived as a threat, dangerous enough to generate escape responses (Weissburg et al. 2014) .
Why did isopods react defensively toward a general physical disturbance that is not necessarily indicative of predation risk? Many animals in our field site break the hard surface of the biological soil crust and extract excavated soil while foraging (e.g., porcupines, gazelles, and solifugids) or burrowing (e.g., rodents, lizards, scorpions, and ants). Thus, when presented alone, a pile of excavated soil provides very little information. Yet when such a "neutral" signal is accompanied by additional cues (e.g., odors) that confirm the risk (confirmation cues) or signals of nonpredatory species that refute the risk (refutation cues), the prey is capable of reducing the uncertainties and responding in a way that matches the estimated risk (Munoz and Blumstein 2012) . When the available information is ambiguous, as in our experiment, prey is expected to perceive the uncertain situation as risky (Sih 1992; Blumstein et al. 2004) . This is because underestimation of risk may lead to immediate death while overestimation simply leads to wasted time and energy. Exploring the role of refutation signals in assessing novel situations may shed new light on our understanding of prey risk-assessment processes.
Isopods initially stopped when sensing an extraordinary or possibly hazardous cue, allowing accumulation of additional sensory information without increasing the risk. Several lines of evidence support this notion. Isopods stopped more when encountering inhabited scorpion burrows than uninhabited burrows. After stopping, isopods tended to sense the cues by rapidly palpitating with their antennae. Isopods that stopped when approaching the cue entered the hazardous area less than isopods that proceeded. This trend was more pronounced toward inhabited than uninhabited burrows, possibly reflecting the confirmatory information sensed during the stop.
Additional support for the role that stopping behavior plays in gathering information comes from comparing isopod responses to the control treatments in the different trials. In the second and third trials we applied moisture to the odorless control treatments but not to the control in the first trial. The moistened crust invoked stopping behavior fivefold more than the dry crust. Moistened soil patches were perceived as extraordinary cues that caused cautious responses. Yet the tendency to enter the moistened patch was reduced by less than 15% compared to dry soil, suggesting that this cue was perceived as less dangerous after the initial stop.
An interesting finding was that not all individual isopods responded similarly even to the riskiest multisensory stimulus. For example, on average 23% of the isopods approaching inhabited scorpion burrows entered the risky zone despite the imminent predation risk (fig. 4) . Variations in risk evaluation are expected due to differences in perception abilities, individual characteristics (e.g., physiological state, past experience, and individual syndrome), or extraneous conditions (Abrahams and Dill 1989; Wahle 1992; Blumstein and Bouskila 1996; Rohr et al. 2002; Sih et al. 2004; Wilson et al. 2012; Brown et al. 2014) . We reduced these differences by comparing the simultaneous responses of full siblings that were reared together within the same environment, making the response variations more surprising. Understanding what
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This content downloaded from 132.064.068.081 on September 14, 2018 05:27:43 AM governs intraspecific variation in prey responses to predation cues is essential in successfully predicting how nonconsumptive predation effects on individuals scale up to shape populations and communities. This is because the scaling pathways are contingent on the number of prey reacting to the threat (Weissburg et al. 2014) .
In summary, our psychophysical-based approach enabled us to disentangle sensory abilities from conscious decisions, revealing considerations used by wild isopods to assess scorpion predation risks. Isopods identified the scorpion's odor. However, they estimated the risk as justifying a response only when the odor was accompanied by additional information that helped determine whether the scorpion resides in the patch and may initiate an attack. When the perceived information was sufficient to immediately tag the cue as hazardous, isopods often exhibited rapid defensive responses. When there was insufficient information to make decisive estimations, the isopods tended to stop and gather additional information. When no confirmation or refutation cues were available, isopods took extra precautions toward potentially dangerous stimulus (i.e., excavated soil) and gave weaker responses toward stimuli that are usually harmless (i.e., moistened soil). When cues were perceived as risky enough to grant a response, multisensory information was additively integrated, leading to a graded increase in defense behaviors. Our experimental approach is laborious but provides unprecedented opportunities to uncover realistic predation risk considerations used by wild prey. The next step is to complement this field approach with advanced chemical and neuroscience approaches to reveal both the natural considerations and the detailed mechanisms that govern them.
